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DISPLACEMENT FUNCTIONS FOR DIATOMIC MATERIALS*

D. M, PARKIN AND C. A, COULTER*

University of California, Los Alamos Scientific

- Laboratory, Los Alamos, New Mexico 87545

-

We have used an extension of the methods of Lindhard et al. to calculate the total displacement
function n;:(E) for a number of diatomic materials, where n;:(E) is defined to be the average

[

number of a{oms of type j which are displaced from their sites in a displacement cascade initiat-

ed by a PKA of type i and energy E. From the n;j(E) one can calculate the fraction n;; (E) of
the displacements produced bv a type i PKA with @nergy E which are of type j. Values of the

nlj for Mg0, Ca0, Al:03, and Tal are presented,

Ilt.is shown that for diatomic materials with

mass ratios reasonably near one (e.g., Mg0, Al:0+) and equal displacement thresholds for the

two species the Nn;: become independent of the PKA type | at energies only a few times threshold.

However, for larger mass ratios the n;f do not become independent of i unti) much larger, eergies
n

are reached - e.g. > 10°% eV for TaD.

addition, it is found that the Nn;; depend sensitively

on the displacement thresholds, with very dramatic charges occuring when the two thresholds be-

come significantly different from one another.

1. INTRODUCTION

A process of central !mportance in the study
of radiation damage effects in solids is the dis~
placement cascade occurring when an atom in 3
solid material is displaced from its lattice
site by an incident damaging particle and move
throuvgh the material producing additional dis-
placements. Polyatomic materials such as alloys,
insulators, and ceramics play significant roles
in many fusion reactor designs. Theoretical
damage functions that describe displacement cas-
cades In these materials, such as are available
for monatomic materials, have been lacking. Dam=
age functions are needed which can provide an
estimate of the performance of these materials
under fusion corditions by extrapolation from
sccessible experimental situations.

Using various approximations, severa) authors
have Investigated aspects of displacement cas-
cades in polyatomic materials. The work of
Baroody [1], Andersen and Sigmund [2]). and
Matsutani and tshino [3] Is of particular in-
terest for the present discussion, Baroody
assumed hard-sphere scattering, no electronic
energy loss, and the same displacement thres=
hold for each atom type, but allowed each atom
type to have a different mass. His primary con-
clusion relevant to this discussion is that the
number of type-i atoms displaced depends only
weakly on the mass of atom |, Andersen and
Sigmund, using power-law cross sections, neplect-
ing electronic energy loss in all actual calcu=-
lations, and employing approximate solution meth-
ods, integrated their recoil density to obtain a

* Research supported by the U, S. Department of
Energy

+ Permanent address Department of Physics, The
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displacement function for diatomic materials,

Their calculations were aimed at recoil encc-
gies in the keV range and the case of widely
different masses of the constituent atoms,

They gave an approximate expression for a dis-
placement function in which the number of type-
J displacements depends only on the energy of
the PKA and not its tvpe. Matsutani and Ishiro
calculated damage energies deposited in Tal by
& number of projectile atoms, They determined
the division of deposited energy between the Ta
and 0 sublattices using two di ferent hypothe~
es concerning the manner in wnich this division
is made.

The results presented in this paper are a
small part of a larger set of calculations [4,5]
aimed at developing a set of functions describ-
ing displacernent cascades in polyatomic materi=
als, The calculations, based on the work of
Lindhard et al,, [6-BJuse the simplest of binary
collision approximations in which the material
Is assumed to be random iand amorphous and no
simultaneous collisions of more than two atoms
are considered. Our method proceeds by extend~
ing the basic integrodifferential equation of
Linhard et 2!, to determine functions which
glve direct Information about atomic displace~
ments as functions of PKA energy and type stoi-
chiometry, atomic masses, displacement thres-
holds and binding cnergies for each atom type,
and capture (or replacement) thresholds for
each pair of atom types. One such functlon,
the total displacement functlion, Is defined 'n
the next section; and certalin of its properties
for various diatomic materials are discussed In
the remainder of the paper.




|1.THEORY OF THE TOTAL DISPLACEMENT FUNCTION

The total displacement function n;j(E) is de-
fined to be the average number of type-j atoms
which are at any time displaced from their sites
In & displacement cascade initiated by a PKA of
type | and iInitial energy E, with the convention
that n;[(E) counts the PKA itself. The formu-
lation of the equation for nj;(E) is most conven-
lent)y carried out in terms of fAj; = nij = 84j
The function n;;:(E) is the number of type-)
atoms displaced”other than the PKA (though for
the case of external bombardment by self-ions,
Bi1(E) 'tself is the total number of displaced
atoms of type i).

In deriving the inteqradifferential equation
for A;;(E), is convenient to make the follow-
ing definitions: (1) the specific electronic
stopping power (electronic energy loss per unit
length per unit atom number density) for a mov-
Ing atom of type i and energy E is denoted by
sj(E): (2) the probability that an initially
bound atom cf type j which receives kinetic en-
ergy T in a collision will be displaced from
Its site as a consequence is Indicated by nj (1))
(3) the binding energy which the type-j atonm
loses to potential cnergy and/or in elastic proc-
esses as it is displaced from its site is rep-
resented by Eb j and (4) thc probability that a
type-1 atom 14Ft with energy E after displacing
a type-] atum wnll be trapped in the type-j site
Is denoted by }; Finally, the symbol M;

Is used for the ﬁnnenatuc energy transfer ef#f-
ciency bA;Aj/(A; + Aj }* for a collision of two
atoms of types i and J« Using the method of
Ref. 6, one obtains for fi;;(E) the equation

M, E
SI(E)ﬁ}j(E) . E fﬁl- K" do, (E,T)
0 dT
X {p (Mg + (T - L] M

+ 11 = p (T (E-D)] Ay (E=T)- B (E)).

j(E) is the derivative of & (E) where f is
he atomic fraction of type = k atoms, and

dolk(E,T)

dr
Is the differentlal collison cross section for
atoms of types 1 and k. In the calculations
discussed below thc collison cross sectfion and
electronic stopping power expressions of
Lindhard et al. were used [7,8]. In additicn,
It was assumed that

0,T < Eﬁ

d (2)
k

p (T) =
k 1,T>E

cao
1,E < E

® = s°°P (3)

where €9 Is the dicplacement threshold for a
type-k atom and E?EP is the capture threshold
for a type-j atomina type- site, defined to be
the limiting residual energy of a type-i atom
after it has displaced a type-k atom below
which it will be trapped in the type-k site. In
the calculations described below it was assumed
that Eb = o, that ES?P = EY, and that ESPP =
(ZE?)/Z for i # k. The dependence of n; (E)
on the E?ap for i # k is in any case qun:e
small for all physically reasonable values of
EcaP

bne of the important damage parameters for
insulations and ceramics is the distribution of
damage among the various sublattices of atomic
typer. The fraction of the total displacements
produced ty a PKA of type | which are of type j,
excluding the PKA, Is

n
n; = E%l (4)
n
L

The paramtert n:: describes how the initlal PKA
energy becomes distributed on the sublattices

as displacement, The following section discuss-
es the values of n;| which we have calculated
for a number of materials.

b1, RESULTS FOR DIATOMIC MATERIALS

Calculations of the total displacement func-
tion n;: have been made using parameters appro-
priate *or TaO, Al204, Mg0, and Ca0O, For these
materials we have examined the role of mass
ratio and of the magnitude of the displacement
threshold, as well as the effect of having equal
vs. unequal desplacement thresholds for the two
atomic species. The results of these calcula-
tlons are discussed below as represcnting typ-
lcal cases, but they should not be interpreted
as Indicating the full range of effects which
can be found in dlatomic materials. |In fact,
the results given here plus many other calcula-
tions we have performed show that the inter=~
related roles of energy, atomic masses, binding
energles, displacement and capture thresholds,
and stoichlometry make dcrivation of completely
general conclusions about displacement thresholds
in polyatomic materials extremely difflicul®,

The simplest case to consider is that of a
mass ratlo ncar onc and equal - displacement
thresholds. Measurements of the displacement
thresholds for Mg and 0 In Mg0 have shown them
to be similar: Chen et al. [9] measured the
threshold for oxygen to be 60 eV, and Sharp and
Rumsby [10] measured that for magnesium to be
64 + 2 eV, Flgure | shows values of n|| for
Hgo whlﬁh we have calculated assuming

= 62 eV. Near threshold it is seen
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Fig. 1. The fraction nj; of tvpe-j displace-
ments produced by a PKA of type i in Mg0
(Mg = 1, 0 = 2) assuming E? - Eg = 62 eV,

that all displacements are on the sublattice of
«wtoms of the same type as the PKA, as is re-
quired by kinematics. At energies only a few
times this threshold, however, there is a uni~
form distribution of displacements betweenthe
two sublattices. In fact for E 4 L E?, Nij AN
(Independent of i), Thus the fractlon ofptype~
J displacements bocomes independent of PKA type
for energies not too far above threshold, and
Ny > nz in this range., Experimental measure-
ments of displacement thresholds in Al»04 in-
dicate that aluminum and oxygen ions have
different thresho!d energies in this material.
Compton and Arnold [11] measured a threshold
energy that corrcsponded to elther ™~ L0 eV for
aluminum or ~» 70 eV for oxygen. Phillips [12]
has suggested that the thresholds are 18 eV for
Al and 72 eV for 0. VWe present results for two
sets of calculatiors for A1,043. In Fig. 2 we
have assumed E7 = £7 = 60 ev, similarly to the
case of Mg0; and ve have used Phillips values in
Fig. 3. The cqual-threshold results for Al,0,
shown in Fig. 2 are very similar to those for
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Flg. 2. The fractlon ny; of type-j displace-

ments producced by a PIA ofdtype I in A120,
(Al = |, 0« 2) assuming E{ = Eg - 60 eV,
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Fig. 3. The fractlon nj; of type-j displace-

ments produced by a PKA of type i in Al203
(gl = 1, 0= 2) assuming E{ = 1P ey,
E, = 72 eV,

Mg0 In Fig. !, with one Important exception:

the relative magnitudes of the n;; are reversed,
and nz > ni, Examination of the values of 0
shows that thls behavior can be explained by

the difference in stoichiometry. However, the
Al;0, results for unequal displacement thres-
holds In Fig. 3 show a very different behavior
than those of the equal-threshold case of Fig. 2.
An oxygen PKA recciving energy at fts displace~
ment threshold can easily displace alumlnum
atoms. As a result, it displaces more aluminum
atoms than oxygen atoms, and nz; + | and corres-~
pondingly nz2 » N at threshold. The larger
fractlon of displacements Is now assoclated

with the atom with the lower threshold energy,
not the atom of hlgher mass or atomic fraction.

For energies high enough so that Nij ~Nj in
Figs. 2 and 3 ft Is found that the nyj () Scale
rather closely as €9, and consequently ratios
of the n| scale approximately as ratlos of
displacement thresholds.

Ta0 Is a case of a material with rather widely
different masses of the constituent atoms.
Calculated results for Tad assuming E? =Lk, =
60 eV are given in Fig. 4. The fact that no
displacements can occur on the type-] sublattice
for type | PKA's until E > EG/M;., or 201 eV
for | ¥ j, Is clearly seen. “The most striking
feature of these results Is that only a*% very
high energies (E > 1n0%V) Is it reasonable to
consider that njj o nj.

To {1lustrate the e*fcct of a change in the
magnitude of the displacement threshold, results
are shown for Tal in Fig, S with E? - Cg = 1 eV,
By comparison with Flg. 4 It is seen that the
strong cnerqy dependence of nyy for Ta0 Is only
weakly affected by the value of the EY. Also
alven In Fig. 5 are the results of Malsutanl
and 1shino ?31 for the damage energy fractions
{n Ta0. They display the same qualitative be-
havior as our results, and llc within the range
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Fig. 5. The fraction ny; of type-] displace~
ments produced by a PKA of type | in Ta0d

(Ta = 1, 0 = 2) assuming E = EY 1 eV, and the
fractional damage energy dlj for Ta0 from Ref 3.

of values of our n;| obtained for the two dif-
ferent dlisplacement” thresholds.,

A summary of results for the nyj at Em=
10’eV is glven in the Table for several mate-
rlals and sets of displacement tnreshold. It
can be seen that for the equal-displacement
thresho'd case the high cnergy values of the
ni; are only weakly dependent on mass ratlo.
This result Is consistent with the conclusion
of Baroody (1] mentloned earller, though It
should be noted agalin that he assumed hard-
sphere scattering and neglected electronic
energy loss while our results use more realistic
cross sections and Include electronic energy
loss.

The three cases glven for Tal show that the
limiting values of ny; are only weakly depen=
dent on the valyc of {he Ed, with a factor of
10’ charge In E9 altering the nyy by only
20-40 2. Clear{y this dependence should not be
important for small charges in EY, It Is found
that for energies large enough sd that RN

Table 1 .
Values of n;; For Several Materlals and Thres-
hold Energle

M) ni2 n21 Na22
Ta0 (1, 1)

0.58 0.42 0.59 0.41
Ta0 (60,60)

0.63 0.37 0.66 0.34
Ta0 (1000,1000 )

0.7 0.79 0.73 0.27

AY,0, (18,72 )

0.73 n.27 0.73 n.27
A1,0, (69,60)

0.42 0.5% n.42 0.58
A1,05 (72,18)

0.156 0.84 0.16 0.84

Mg0 (62,62)

0.52 0.48 0.52 n.48

Ca0 (60,60)

0.55 0.45 0.55 0.45

the n|*(z) scale less well with E9 than in the
case of A120as, where the mass ratlo Is nearer
one.

Our results for mass ratios near one are con-
sistent with the conclusion of Andersen and
Slgmund that for energies In the keV range the
number of type-j displacements Is !ndependent of
PKA type. However, for widely dl -ferent masses
this Independence only occurs at a much higher
energy, a behavlior also indicated by the damage
energy results of Ref, 3, Thls dlfference be-
tween our results and those of Andersen and
Slgmund Is not unexpected be:ause of differences
In basic asiumpt'okns and because of the approx-
Imate solu.lon methods used In Ref. 2.

IV CONCLUS IONS

Although completely general conclusions gan=
not be drawn from the above results, several
observatlions can be made that are of importance
to radlatlion effects studies. For all the cases



A
of mass ratio near one
» the fraction of type-} displace-
ment becomes independent of PKA type for
4 €9. (The absolute value of n;: does

depend &n the PKA type, with the hea&ler atom
being more efficient in producirg displace-
ments). These facts imply that for fast neu-
tron Irradlation of such materlals the dis-
tribution of displacements on the sublattices
will depend on the stoichiometry, and on the
neutron energy through the relative neutron
scattering cross sections of the constituent
atoms, For large mass ratlos the distribution
of displacements will have an addit!onal de-
pendence on the neutron energy, arising because
the distribution of displacements on the sut-
lattlces does not become independent of PKA
type untl] much higher PKA energies are reach-
ed. The total picture of radiation effects in
veraniics and insulators must include infor-
mation or electronic effects as well as dis-
placement effects. However, it seems reason-
able to conclude that, based on the results
stated above, the questlion of simulation of
fuslon reactor damage must include consider=-
ation of the material parameters as well as the
properties of the radiation source. What Is
a reasonable simulation environment for one
materfal may not be for another.

0f the various input parameters used in the
calculations, the displacement thresholds have
the largest =ffect on the results, with the
Iinfluence of unequal displacement thresholds on
distribution of displacements being very pro-
nounced. In addition to the apparent unequal
displacement thresholds in Al,03 already dls-
cussed, Crawford et al. [13] have reported
measuring three distinct displacement thres-
holds In MgA.;0.,. There is then a possibility
that many materials of interest to the fusion
community will fall in the unequal threshold
case; and if so, this will have a Impact on
radiation effects studies,
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consists of computing the amplitude and phase of the baclkscattered rays and
combining them to determine the backscatter intensity.

Several backscattered rays are illustrated in Fig. 6. Backscattered ray
A' erises from an interference between an axial ray reflected- fiom che left
vide of the sphere and a ray which passes through the sphere and is reflected
from the right face of the sphere. This interference can be either construc-
tive or destructive, depending on the optical pat.length through the sphere.
Backscattered rays B' and C' are called "glory rays™ and arise from rays
refracted into the sphere and then internally reflected one or more times.

For dielectric spheres with relative refractive indices similar to those of
biological cells (m = 1.01-i.03), glory rays must undergo two or more internal
reflections to contribute to the backscattering (21). Another contribution to
the backscattered intensity is from surface waves which cannot be treated by
geoaetrical optics. These waves travel along the surface >f the sphere and
lose some of their energy by refraction into the sphere. These refracted rays
may be reflected internally and contribute to the backscattering.

A biological cell obviously is a much more complicated scattering object
than a simple transparent or semitransparent sphere. The measurements pre-
sented here are only near backscatter angles (176° + 1°) and represent the
maximum backscattered intensity from a cell as it enters, is immersed, and
leaves the laser beam. Nevertheless, these preliminary results indicate that
backscattering from particles and biological cells is at least a monotounically
increasing function of cell size over a wide range of particle sizes and over

a more limited range of cel' sizes.
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TABLE 1. Mean scattering angle at the center of each ring (parameter) and the

polar half-angle subtende ™ by a cell at each ring for a cell-to-detector di.:ance

of 30 mm
Parameter Number Mean Angle (°) Polar Half-Angle Subtended (°)
1 0.00 + 0.07
2 0.28 +0.06
3 0.43 + 0.06
4 0.58 + 0.06
5 0.74 + 0.06
6 0.89% + 0.06
7 1.10 + 0.07
8 1.20 + 0.07
9 1.40 + 0.08
10 1.60 +0.09
11 1.90 +0.10
12 2.40 +0.13
13 3.10 + 0.17
14 3.50 + 0.20
15 4.00 +0.22
16 4.50 + 0.26
17 5.10 +0.29
18 5.70 +0.33
19 6.50 +0.38
20 7.3 - + C.42
21 8.20 + 0,47
22 9.20 + 0.50
23 10.30 + 0.51
24 11.60 + 0.51
25 12.90 +0.70
26 14.40 +0.75
27 176.00 + 1.00

A
The angles have been corrected fo. refraction effects of the 3-mm thick
quart~ window having an inside face 7 mm from the cell.
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TABLE 2. Mean ecattered light intensity {(channel number) as a “unction of scattering angle for a series

£ ki
of forward scatter angles and a backscatter angle ’

Sphere Size c. V. Angle (°)
Identification (um) z) 0.43 0.58 0.74 0.89 1.1 1.2 1.4 1.6 176
5C, black 5 1.1 44 34 41 36 46 53 61 74 68
42C, clear 10 1.3 92 97 130 114 123 131 133 132 89
32C, fluorescent 10 1.3 102 96 133 117 129 136 140 141 101
37C, clear 12.5 1.3 125 122 166 143 150 148 138 122 115
44C, clear 15.7 | 1.3 . 145 142 183 154 . 152 132 101 43 120
38C, purple 16.8 1.2 173 166 206 171 157 115 42 93 126

*
The spheres were obtained from Particle Technology, Inc. (19).

**The volume coefficients of variation (C. V.) were taken from the manufacturer's specifications.



TABLE 3. Location of the first difraction minimum as a function of particle
size for the microspheres listed in Table 2

Diameter (jam) a LI )
5 33 6.67
10 66 3.33
12.5 82 .68
15.7 104 2.11
19.8 131 1.68

14~



Fig. 1. Schematic drawing of the multiangle light-scattering flow syatem.
The beam from a 5-nW heliumneon laser is focused by a spherical lens to a
50-yra diameter spot at the center of the flow chamber where it intersects the
flow stream. A cell passing through the laser beam scatters light onto the
forward scatter detector arruy over a range of angles from 0-14.4° and onto

a backecatter detector where Bl = 2° and BZ = 4° ro that the backscatter angle

is 176 + 1°.
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Fig. 2, Clusters of scattered light patterns from a mixture of 1C- and
12,5-uym diameter spheres. The 10-um diameter spheres scatter less light between
the parameter numbers 3-6 (0.43-0.89°) where the scattered light intensity

is dominated by diffraction.
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Fig. 3. Pulse-height histograms of number of particles vs scattered light
intensity (three decade log scale) for 10-ym diameter particles (row A) and that
for 12.5-um particles (row B). Column one is for forward scatter at 1.2°, and

colum 2 is for backscatter at 176° with respect to the laser beam axis.

-17-



"# CELLS

1.2

176

A

/

4

SC.ATTERED LIGHT INTENSITY

i

» .
/ ¢



Fig. 4. Forward and backscatter pulse-height histograms of number of
cells vs scattered light intensity (three decade log scale): (row A) heparin-
ized mouse peripheral blood; (row B) mouse bone marrow cells; and (row C) mouse

bone marrow cells in which the ery: hrocytes have been lysed with NH4C1.
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Fig. 5. Coilection of pulse-height histograms from mouse bone marrow
cells as used for Fig. 4B: I = intensity of scattered light (three decade log

scale); 6 = scattering angle given in Table 1, and N = number of cells.
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Fig. 6. Tracing of backscattered light rays for a transparent dielectric
sphere in which the index of refraction of the sphere is higher than that of the
surrounding medium. The unprimed rays are incident light rays, and the primed

rays represert those that are backecattered after some number of internal reflec-

tions.
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